Background Glioblastomas are the most common and most malignant brain tumors in adults. A small subgroup of glioblastomas contains areas with histological features of oligodendroglial differentiation (GBMO). Our objective was to genetically characterize the oligodendroglial and the astrocytic parts of GBMOs and correlate morphologic and genetic features with clinical data. Methods The oligodendroglial and the "classic" glioblastoma parts of 13 GBMO were analyzed separately by interphase fluoreszence in situ hybridization (FISH) on paraffin sections using a custom probe set (regions 1p, 1q, 7q, 10q, 17p, 19q, cen18, 21q) and by comparative genomic hybridization (CGH) of microdissected paraffin embedded tumor tissue. Results We identified four distinct genetic subtypes in 13 GBMOs: an "astrocytic" subtype (9/13) characterized by +7/-10; an "oligodendroglial" subtype with -1p/-19q (1/13); an "intermediate" subtype showing +7/-1p (1/13), and an "other" subtype having none of the former aberrations typical for gliomas (2/13). The different histological tumor parts of GBMO revealed common genetic changes in all tumors and showed additional aberrations specific for each part. Conclusion Our findings demonstrate the monoclonal origin of GBMO followed by the development of the astrocytic and oligodendroglial components. The diagnostic determination of the genetic signatures may allow for a better prognostication of the patients.
cytomas, and differentiates between four malignancy grades (WHO grade I-IV). Because phenotypic heterogeneity within these tumors is quite frequent, the histopathologic examination yields differing results, even when performed by experienced pathologists. Especially the differentiation between glioblastoma multiforme and anaplastic glioma (WHO grade IV and III) with either oligodendroglial, astrocytic or both features could be very difficult [1] [2] [3] . Moreover, the clinical outcome is often not predictable, which may reflect biological heterogeneity within each of the tumor groups. Research during the last years has thus been focused on a more accurate characterization of these tumors including the identification of new prognostic markers in order to supply and complement histologybased classification.
More than 50% of all gliomas belong to the glioblastoma multiforme subtype (GBM), which is one of the most malignant tumors of adults (WHO grade IV) [4] . The prognosis of GBM is very poor with a median survival of approximately 1 year [5, 6] . To date, many genetic aberrations have been identified, which are commonly found in GBM, e.g. complete or partial gain of chromosome 7, loss or partial deletion of chromosome 10, PTEN mutations, amplification of EGFR, CDKN2A (p16) deletion and TP53 mutation etc. [4, [7] [8] [9] . However, none of these genetic aberrations has so far been implemented as a diagnostic or prognostic marker in routine neuropathology. In contrast to astrocytic tumors including GBM, oligodendrogliomas, which account for 5-18% of all gliomas [4, 10] show a better prognosis and increased responsiveness to chemotherapy [11] [12] [13] [14] . Typically, oligodendrogliomas are associated with the combined loss of chromosome arms 1p and 19q [15, 16] .
Interestingly, a small subgroup of GBM contains areas with histological features of oligodendroglial differentiation [17] [18] [19] . They are referred to as oligoastrocytoma grade IV or glioblastomas with oligodendroglial component (GBMO) [19, 20] .
Because only a few molecular studies of these particular glioblastoma cases with an oligodendroglial component have been performed, it remains also uncertain, whether an oligodendroglial component in a glioblastoma renders it less aggressive and could thus function as a predictive factor for the clinical outcome of the patient [2, [19] [20] [21] [22] . Some evidence has been reported indicating that GBMO are associated with prolonged survival [6, 20, 23] . The new edition of the WHO classification 2007 includes glioblastomas with oligodendroglial components (GBMO) as a distinctive variant of GBM [24] . However, definite diagnostic criteria do not exist. Therefore, it remains to be determined if the different phenotypic features are associated with special genetic changes.
The aim of our study was thus to genetically characterize GBM cases with and without an oligoden-droglial component and correlate their particular histological and genetic features with the clinical follow-up (survival) in order to identify diagnostic and prognostic markers in GBMO.
2 Materials and methods 2.1 Patients and tumor samples GBM cases from the archive of the Institute of Pathology, Jena, Germany, originally classified according to the WHO 2000 criteria as glioblastomas (WHO grade IV) [25] , were reevaluated in order to identify distinctive histological features of oligodendroglial appearance. We found 13 GBMOs and among them were eight, which revealed areas with typical clear cells (honeycomb appearance) in H&E sections as well as cytoplasmic GFAP-negativity. We subclassified them as GBMO with honeycomb appearance (GBMO-H). The remaining five tumors showed highly cellular areas consisting of round, uniform, oligodendrogliallike cells which, however, were completely GFAP-negative and lacked the typical honeycomb or clear-cell appearance in H&E sections; they were named GBMO with round cells (GBMO-R). All 13 GBMO also consisted of areas with "classic" glioblastoma features in terms of astrocytic differentiation. Distinct features such as necrosis, vascular proliferation and increased mitotic and proliferation activity indicated the high malignancy potential. These characteristics were important to us for the differentiation between anaplastic oligoastrocytomas and anaplastic oligodendrogliomas. An example of the astrocytic and oligodendroglial parts of one GBMO-H and one GBMO-R is provided in Fig. 1 .
As a control group we retrieved an unselected independent series of ten "classic" GBM without any special histological features, i.e., without an oligodendroglial component. Furthermore, we used three typical oligodendrogliomas without astrocytic features, respectively, as examples for oligodendroglial differentiation. The tumors were classified as oligodendrogliomas according to WHO grade II.
The 23 GBM cases (13 GBMO and 10 "classic" GBM) were collected from 12 females and 11 males; the median age at diagnosis was 59 years. Surgery was performed between 1997 and 2002 either at the Department of Neurosurgery, Friedrich-Schiller-University, Jena, or at the Neurosurgery Clinics in Bad Berka, Erfurt, and Halle, Germany. 19 out of 23 patients with glioblastoma received adjuvant radiotherapy, and nine were treated with additional adjuvant chemotherapy, such as temozolomide or nimustide (ACNU) or the combination of procarbazine, lomustine and vincristine (Table 1 ).
Selection of tissue components and microdissection
For each GBMO case, one to two paraffin-embedded tumor blocks were selected, which included an "oligodendroglial" and an "astrocytic" component. Paraffin blocks were cut according to a specific scheme to make sure that the sections included the areas of interest (Fig. 2 ). The first section was stained using H&E for obtaining the histopathologic Histological appearance and Interphase-FISH-results of the oligodendroglial and astrocytic parts of one GBMO-H and one GBMO-R exemplifying the principle approach. First row: Oligodendroglial component of one GBMO-H (ID11) with typical clear cells and honeycomb appearance in the H&E-stain (×200) (a) and lack of GFAP in the immunohistochemistry (×200) (b). Interphase-FISH (×400) revealed triploid tumor cells (d: 3 blue signals for cen18) with +1p (c, e: 4 green signals), +1q (e: 4 blue signals), +7q (d: 4 red signals), +10q (d: 5 green signals), +21q (c: 4 blue signals), and -19q (c: 2 red signals). The "classic" glioblastoma part of the same tumor (second row) showed astrocytic like cells in the H&E-stain (f), which were mostly GFAPpositive (g). The tumor cells had +1q (j: 4 blue signals), +21q (h: 4 blue signals), -17p (j: 2 red signals), -19q (h: 2 red signals), but a normal 1p (h: 2-3 green signals), 7q, and 10q (i: 3 green and red signals) in most tumor cells. In addition, the cells showed +cen18 (i: 4 blue signals). K-T gives an example for one GBMO-R (ID9): The oligodendroglial part (third row) consisted of round, uniform, GFAP-negative tumor cells (k, l). Most nuclei were triploid (m, n: 3 blue signals for 21q and cen18) with +1p (m, O: 5 green signals), +1q (o: 5 blue signals), +7q (n: 5 red signals), +17p (o: 5 red signals), +19q (m: 5 red signals), and -10q (n: 1 green signal). In contrast, the astrocytic part of the same tumor (fourth row) showing classical GBM features (including vascular proliferation) in the H&E-stain (p) and GFAP-positivity (q) consisted of diploid nuclei (r: 2 blue signals for 21q) with +1p (r, t: 4 green signals), +1q (t: 3-4 blue signals), +7q (s: 4 red signals), +17p (t: 3 red signals), +19q (r: 4 red signals) and -10q (s: 1 green signal). Recognize the different cell clones in one tumor area: For example +cen18 and -10q was present only in a proportion of tumor cells (s: 2 or 3 blue signals, 1 or 2 green signals). Also a differing proportion of cells showed no genetic changes as it is seen for example in r and t (each 2 signals for the DNA-probes in green, red and blue) Overview of the strategy of the project. Paraffin-embedded tumor material (indicated in grey on the glass slides) was cut in the following order: First one H&E-stained-section (violet arrow and lines) was made to check if the two different tumor parts, the "astrocytic" (indicated in red), and the "oligodendroglial" (indicated in green), were still available. Hereupon six 10-μm-thick-sections (blue arrow and lines) were cut for Interphase-FISH and the two different tumor areas according to the histology were evaluated separately. Five consecutive 10-μm-thick-sections (green arrow and lines) were prepared for DNA extraction for the CGH analysis. "Astrocytic" and "oligodendroglial" tumor parts were microdissected with a needle under a light-microscope and DNA was extracted separately. Finally, one H&E-stained-section was evaluated again to control that both tumor parts were still existent diagnosis. Importantly for the present study, FISH-analyses were performed using four to six 10 μm sections immediately adjacent to the first H&E-stained slide to make sure that the different tissue components were indeed included. The optimal thickness of 10 μm was ascertained by testing 4, 6, 8, 10 and 12 μm sections in order to minimize the amount of truncated nuclei while still allowing enumeration of the FISH-signals (data not shown). DNA was extracted for the CGH analysis from subsequent two to five 10 μm sections. Here, oligodendroglial parts of the tumors were treated separately from the region that appeared to be the astrocytic part of the tumor using needle microdissection. The last section was again stained with H&E in order to confirm that all the analyses were performed using tumor material including all intended different histological parts.
DNA extraction
DNA-preparations of bacterial artificial chromosomes (BACs) for FISH-probes and peripheral blood leucocytes as control-DNA for CGH analysis were carried out according to standard protocols. Tumor-DNA was extracted from formalin-fixed paraffin-embedded material after deparaffination and treatment with 1 M NaSCN overnight using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
Fluorescence in situ hybridization (FISH)
FISH probes and probe labelling Three probe panels were designed based on data from the literature to include genomic regions of interest that are typically gained or lost in gliomas and were thus of potential use as diagnostic markers, i.e., regions on chromosome arms 1p and 19q as markers for oligodendrogliomas [16] , and regions on chromosome arms 7q, 10q, and the tumor suppressor gene TP53 on 17p for astrocytomas and/or GBM, respectively [4, 7, 26, 27] . Each panel also contained one additional control probe to detect the ploidy levels of the tumor cells (1q, centromere of chromosome 18 (CEP18), and 21q). This was important to exclude false negative losses as well as false positive gains due to tri-, tetra-or polyploidy. FISH probes were generated by combining two to three overlapping BACs per probe provided by the Deutsches Ressourcenzentrum für Genomforschung (Berlin, Germany) or the CITB-database (Research Genetics, Invitrogen, Karlsruhe, Germany) and one centromeric probe as follows [28] : Panel 1 contained BACs RP11-62m23, RP5-1092a11, RP5-897i12 on 1p36.3 (TP73); RP11-492p7, RP11-613p20, RP11-183o14 on 19q13.3 (p190-A); and RP11-31b6, RP11-22d1, RP11-61a21 on 21q11.2; Panel 2 consisted of BACs RP11-380g5, RP11-765c10, RP11-165m8 on 10q23.3 (PTEN); CTB-300c3, CTB-13n12 on 7q31 (MET) and an alphasa-tellite DNA probe for the centromere of chromosome 18 (CEP18); Panel 3 contained BACs RP11-1116m11, RP11-278j17, RP11-296a18 on 1p32 (CDKN2C); RP11-199f11, RP11-1d5 on 17p13.1 (TP53); and RP11-148k15, RP11-23i7, RP11-155f3 on 1q32.1 (GAC1). Probes were labeled via Nick-translation using Biotin-16-dUTP (Roche, Mannheim, Germany) for 1p36.3, 10q23.3 and 1p32, Tamra-dUTP (Applied Biosystems, Darmstadt, Germany) for 19q13.3, 7q31 and 17p13.1 and Digoxygenin-11-dUTP (Boehringer, Ingelheim Germany) for 21q11.2, CEP18 and 1q32.
In situ hybridization After deparaffination, slides were pretreated with 0.2 N HCL for 60 min followed by 1 M NaSCN overnight at 37°C. Pepsin digestion (2 mg/ml in 0.9% NaCl pH 1.5) took place at 37°C for 5-40 min; the optimal time was determined for each slide individually by visual examination. RNAse digestion was added followed by fixation using 1% formaldehyde. Slides were denatured in 70% formamide, 2xSSC for 3 min at 74°C two times. After hybridization over two nights by 37°C, biotinylated probes were visualized with FITC connected to avidin (Jackson ImmunoResearch, Suffolk, UK) and digoxigeninlabeled probes were detected using mouse-anti-Digoxin (Jackson ImmunoResearch, Suffolk, UK) followed by a Cy5-goat-anti-mouse antibody (Jackson ImmunoResearch, Suffolk, UK). The slides were counterstained with DAPI and embedded in an antifade solution [29, 30] .
Signal enumeration/Scoring criteria Ten to 15 multifocus images per specimen and region were acquired using the software CW4000, V3.0 (Leica Microsystems GmbH, Cambridge, UK) with a DMRA epifluorescence microscope (Leica, Wetzlar, Germany) equipped with custom optical filters for DAPI, FITC, Tamra, and Cy5 (Chroma Technology Corporation, Rockingham, US) and connected to a Quantix CCD camera (Photometrics, Roper Bioscience Systems, Tucson, AZ, US). Signal enumeration was performed on these digital images by two independent observers on 200 non-overlapping nuclei. Gains and losses were scored if there were more or, respectively, fewer signals compared to the signals of the control probe and were interpreted as deletion when more than 30% of the nuclei harbored the alteration and as gain when more than 20% of nuclei were affected. Cutoff levels were determined on paraffin sections of normal brain tissue and were applied in accordance with other studies on paraffin sections [31] [32] [33] .
Software-development
We designed a dedicated computer program to present the information obtained from the Interphase-FISH analysis in a 3-dimensional diagram in order to compare the results for the astrocytic and the oligodendroglial tumor parts ( Fig. 3 ). The software consists of a small python-script (version 2.2.3, Python Software Foundation, Hampton, US) that uses the Persistence of Vision raytracer (version 3.5, Persistence of Vision Raytracer Pty. Ltd., Williamstown, Australia) to produce the visualizations.
The three axes of the diagram correspond to the three different signals/probes per panel and cell, so every cell clone was defined by three coordinates and illustrated as a sphere. The frequency of the cell clones was visualized by the size of the sphere. Using this software, the number of cells with identical signal counts for all three probes within one panel was obtained for each of the three panels per tumor. This allowed us to gain detailed information on the composition of the heterogenetic tumors with respect to their different cell clones and the respective genetic changes including the great variability in ploidy within the same tumor areas.
Comparative genomic hybridization
Tumor and control DNA were amplified and labelled via ligation mediated PCR as previously described by Klein et al. [34] . Chromosome CGH was performed as described in detail elsewhere [27, 29] . For image capture and processing of CGH data, the Leica CW 4000 System (Leica, Wetzlar, Germany) was used.
Statistics
All statistical analyses were performed using SPSS software (version 12.0 and 15.0, SPSS GmbH, München, Germany). Fisher's exact test or Chi-Square-test was employed for comparison of proportions. Comparison of Age was done using the Mann-Whitney-U-test. Overall survival (OS) was defined as the time period from the date of first surgery until the death of the patient and censored at the time of the last follow up. Survival function curves were calculated with the Kaplan-Meier method. Survival time was compared among patient subsets using log-rank tests and the cox proportional hazard model for univariate and multivariate analyses. A p-value of <0.05 was considered statistically significant. All reported p-values are two-sided.
Results

Clinics
The 13 patients with GBMO (8 females, 5 males) had a median age of 52 years (range 42-72 years) compared to a median age of 67.5 years (range 46-75 years) in the ten patients with "classic" GBM (4 females, 6 males). 76.9% (10/13) of the patients with GBMO and 90% (9/10) of the patients with GBM received radiotherapy and 46.2% (6/10) respectively 30% (3/10) received chemotherapy. There were no significant differences between patients with GBM or GBMO for age, sex, and frequency of radiation or chemotherapy; however, patients with GBMO tend to be younger than patients with "classic" GBM. The clinical data of the glioblastoma patients compared to the different histological subtypes are summarized in Table 1 . 3.2 Molecular cytogenetic analyses using Interphase-FISH and chromosome CGH A total of 26 gliomas, 13 GBMO, 10 "classic" GBM and 3 oligodendrogliomas were investigated using Interphase-FISH analysis and 12 of the 13 GBMO were studied by chromosome CGH analysis. The tumor material was processed following a dedicated scheme (see Material and Methods and Fig. 2 ). In ten of the 13 GBMO, the paraffin block still contained the two different histological parts after all sections were cut as described. Therefore, chromosome CGH results could be evaluated separately for the astrocytic and oligodendroglial parts. In three GBMO only one component was left for investigation in the bottom sections.
The most frequent genetic aberrations found in the 23 GBM (13 GBMO and 10 "classic" GBM) with both methods were the gain of chromosome 7 (22/23) and loss of chromosome 10 (19/23) resulting in a combined +7/-10 status in 19 out of 23 cases. Gains of chromosome arms 19q (9/23) and 1q (9/23) and losses of 17p (6/23) and 19q (6/23) were also common. The most frequently identified amplification involved the EGFR gene locus on 7p12 (5/12).
The Interphase-FISH and CGH results of all GBM and GBMO were summarized in Table 2 . In contrast, all three oligodendrogliomas showed the combined loss of 1p/19q using Interphase-FISH.
FISH-and CGH-analyses distinguished four genetic subtypes Based on their different genetic make-up we could clearly distinguish four subtypes among the 13 GMBO: (i) tumors showing the combined gain of chromosome 7 and loss of chromosome 10 belong to the "astrocytic" subtype (9/13); (ii) the "oligodendroglial" subtype was characterized by the combined loss of 1p and 19q (without the gain of chromosome 7 and loss of chromosome 10) (1/13); (iii) tumors with "intermediate" subtype showed a combination of the genetic changes of the "astrocytic" and "oligodendroglial" subtypes, i.e. gain of chromosome 7 and loss of chromosome arm 1p (1/13); (iv) two GBMO, however, had none of the previous aberrations typical for gliomas and were summarized in the genetic subtype "others". They demonstrated a gain on 10q23, a gain of the short arm of chromosome 9 and the loss of material of chromosome 16. These aberrations were not found in any tumor of the other three genetic subtypes stated above. Grey not at the paraffin block at control-H&E for investigation 
Correlation between histological features and genetic subtypes
All five GBMO with round, oligodendroglial-like cells (GBMO-R) belonged to the "astrocytic" subtype with a +7/-10 genotype. In contrast, the GBMO-H tumors were heterogeneous, the "astrocytic" subtype was found in only four of the eight cases (50%). The other four GBMO-Hs were either associated with the "oligodendroglial", "intermediate" or "other" genetic subtypes, despite their phenotypic similar appearance (compare Fig. 4 ).
All "classic" GBM (10/10) presented with the combination +7/-10 and therefore corresponded also genetically to the "astrocytic" subtype, whereas all three oligodendroglioma demonstrated the "-1p/-19q" genotype.
The genetic subtype "astrocytic" was therefore found in "classic" GBM, in GBMO-H as well as in GBMO-R, but never in oligodendroglioma. The "oligodendroglial" subtype was seen in oligodendroglioma and GBMO-H, whereas the genetic subtypes "intermediate" or "other" were exclusively found in GBMO-H.
When looking at the histological appearance first, a genetic subtype other than the "astrocytic" subtype was found only in tumors showing a histologically true honeycomb appearance of their oligodendroglial component (GBMO-H).
Correlation between the genetic subtype and additional genetic changes
We also identified additional genetic changes, which were associated with the different genetic subtypes. Amplifications of the EGFR locus (5/8) as well as gains of chromosome 19 (5/9) were exclusively found in the "astrocytic" subtype. Other changes seen only in "astrocytic" tumors were +6p (3/8), +13 (3/8), +17p (3/8), +20p (3/8) and −11 (3/8). Amplification of the 7p21-15 region, which has not yet been described in gliomas as far as we know, was only seen in the tumor with "intermediate" genetic changes. Losses of chromosome X and the short arm of chromosome 3 were found in the "oligodendroglial" and the "others" tumors, but not in the "astrocytic" nor the "intermediate" tumors. Interestingly, losses of the short arm of chromosome 9 were seen in "astrocytic" as well as in "oligodendroglial" tumors. Table 3 provides an overview of the genetic changes in the different genetic subtypes divided according to histology.
Comparison of the two different histological parts in GBMO
The two different parts of GBMO showed a similar appearance for their signature aberrations, but they also demonstrated additional changes, which were present either in the astrocytic or in the oligodendroglial part or in both parts (see Table 2 ).
The "astrocytic" GBMOs showed the following additional aberrations always in both tumor parts: +1 (3x), -22 (3x), -9p (3x), +X (2x), -2, amp(2)(p23-22), amp(4)(q12), +5q, amp(7) (q12), -8p, +9q, -14, -18, -Y. Both GBMO belonging to the "other" genetic subtype also had gains of chromosome 1 and the long arm of chromosome 3 each in the astrocytic and oligodendroglial part. Losses of 3p, 8p, 15q, 16q, 19q, 20 and X as well as gain of 17q, 18q and 21 were found in only one of these tumors but again in both histological parts. The "intermediate" tumor showed in both parts: -1p36, +3, +6q, amp7p15-21, -8p, +9, -14, -Y.
Interestingly, the tumor in the "oligodendroglial" GBMO subtype showed additional aberrations exclusively in either the astrocytic (−(3)(p12-qter), -4q, -6q, -9p, -13, -18) or the oligodendroglial (−17p) part. Aberrations only found in one histological part in the "astrocytic" subtype were in the astrocytic part: +(4)(q25-qter), +(13)(q33-qter)[2x], +15, -(19q)[2x], amp (20p), +21, amp(21q); and in the oligodendroglial part: +2, We also found differences in ploidy among the two histological parts in some tumors ( Table 2 ). The GBMO of the "oligodendroglial" subtype was diploid in the oligodendroglial and triploid in the astrocytic part. One "astrocytic" GBMO showed diploidy in most tumor cells of the astrocytic parts and triploidy in the tumor cells of the oligodendroglial parts. The remaining tumors demonstrated the same ploidy in both tumor parts.
Based on the Interphase-FISH results it was also possible to determine the frequencies of the heterogenetic cell clones in all tumors. To evaluate this information we designed a computer program that enabled us to also visualize the frequencies of the different clones in a 3-dimensional diagram (see Materials and Methods). The coordinates of the diagram demonstrate the amounts of signals counted in one cell (x-axes for the red-, y-axes for the blue and z-axis for the green signals) and the frequency of the cell clones are represented by the size of a sphere at the coordinates. An example is given in Fig. 3 . Using this strategy we were able to see that the two different parts of some GBMO also differed with respect to the percentages of the several cell clones (Table 4 ). For example, the "oligodendroglial" GBMO showed the loss of 1p and 19q in 68% and 72% of cells in the oligodendroglial part respectively, but only in 44% and 38% of the cells in the astrocytic part respectively (Fig. 3 , Table 4 ). Furthermore, whereas most tumor cells in the oligodendroglial part demonstrated both loss of 1p and 19q, only a proportion of the cells in the astrocytic part showed the loss of 1p but not the loss of 19q.
We could not identify any special genetic changes typical for the oligodendroglial or the astrocytic parts that would have allowed us to distinguish between the two different histological parts.
Correlation between genetic characteristics as well as clinical and pathological findings with respect to OS
Histology The OS of glioblastoma patients was different for the histological subtypes. Patients with GBMO Table 3 Association between genetic subtypes and additional genetic alterations of GBMO "Astrocytic" subtype "Intermediate" subtype "Oligodendro glial" subtype "Other" subtype
Abbreviations: GBM = "classic" glioblastoma, GBMO-H = GBM with oligodendroglial component and honeycomb appearance, GBMO-R = GBM with oligodendroglia-like, round tumor cells, -= aberration not found a four GBMO-H of the "astrocytic" subtype were investigated using Interphase-FISH, but CGH-results were only available for three tumors. Therefore the status of some aberrations is only known for three tumors demonstrated longer OS (median = 404 days) than patients with 'classic' GBM (median=282 days) (p= 0.1) ( Fig. 5 , Table 5 ). However, there was no difference in survival between patients with either GBMO-H or GBMO-R (p=0.9).
Genetic subtypes The two patients with tumors of the "other" subtype demonstrated the longest OS (median= 451 days) compared to the "astrocytic" subtype (median= 357 days) and the "oligodendroglial" subtype (median= 365 days) and the patient with the "intermediate" tumor had a poor prognosis as compared to the other three subtypes (102 days) (p=0.02) ( Table 5 ).
Clinics We also investigated OS in relation to age (<60 years vs. >60 years), gender, postoperative radiation and chemotherapy in univariate analyses. Patients aged less than 60 years exhibited a significantly longer OS (p=0.05) as compared to older patients (Table 5 ). Patients who received radiation after surgery had significantly longer OS ID Histology Genetic subtype Aberration Amount of cells with the aberration in the astrocytic component Amount of cells with the aberration in the oligodendroglial component Table 4 Frequencies of genetic alterations in the different histological parts of GBMOs investigated by interphase-FISH Bold letters indicate in which histological part of the tumor the frequency of cells with the aberration is higher. Aberrations found in less than 30% of tumor cells are shown in brackets, because the cut off level was set to 30%
Abbreviations: GBMO-H = glioblastoma with oligodendroglial component and honeycomb appearance, GBMO-R = glioblastoma with oligodendroglia-like, round tumor cells than patients with surgery alone (p=0.007) ( Table 5 ). No statistically significant difference was observed between male or female patients or between patients with and without chemotherapy.
Other genetic changes Loss of the entire chromosome 19 was associated with a significantly poor prognosis in patients with GBMO (p=0.005), while patients with a loss restricted to the long arm of chromosome 19 showed again a longer OS, although this was not statistically significant.
Other genetic changes in GBMO associated with shorter OS were +6q (p=0.005), +13 (p=0.01) and −14 (p= 0.0003). Comparing the GBMO patients with OS <1 year and >1 year, the deletion of the long arm of chromosome 19
was exclusively found in the group with longer survival (p=0.05) while loss of the entire chromosome 19 was only present in patients with survival of less than 1 year. All amplifications except of the EGFR-locus were exclusively found in patients who lived less than 1 year. There was no difference in the frequencies of -9p, +7, -10 or amp7p12 (EGFR) between the two groups.
Multivariate analyses Cox analyses including age, gender, radiation, chemotherapy and histology revealed the presence of an oligodendroglial component as an independent prognostic marker. GBMO patients showed a better prognosis than patients with "classic" GBM (p=0.03).
Radiation was found to show the highest influence on the Table 5 Univariate and multivariate analyses of clinicopathologic and histologic predictors of survival in GBM (13 GBMO and 10 GBM) Significant values are in bold type. p-values are two-sided Abbreviations: RR = relative risk, CI = confidence interval, NS = not significant, GBM = "classic" glioblastoma, GBMO-H/-R = glioblastoma with oligodendroglial component and honeycomb appearance/and oligodendroglialike, round tumor cells prognosis (p=0.004), improving survival significantly. In contrast, age as well as the genetic subtypes of GBMOs could not be used as independent prognostic markers in glioblastoma patients.
Discussion
The aim of this study was to characterize GBMOs in order to separately determine the genetic makeup of the astrocytic and the oligodendroglial parts and to attempt a subclassification of these tumors. To the best of our knowledge, this is the first study, which achieved this aim using a genome wide approach (CGH) in combination with a cell by cell analysis with Interphase-FISH.
The presence of areas with oligodendroglia-like differentiation in GBM has long been recognized by neuropathologists [1, 18, 35] , but the classification of these tumors remained unclear [2, 19, 20] . Although the new WHO classification of tumors of the central nervous system (2007) now includes glioblastomas with oligodendroglial component (GBMO) as a variant of GBM, definitive diagnostic criteria still do not exist [36, 37] . Therefore, we reevaluated GBM cases histologically for the presence of a component resembling oligodendroglialike features and reclassified them according to this component. GBM with areas consisting of cells with typical perinuclear halos and round nuclei assembling the typical honeycomb appearance were subclassified as GBMO-H. Tumors showing an additional component of GFAP-negative cells with uniform, round nuclei but no honeycomb appearance were defined as GBMO-R.
Using CGH and Interphase-FISH we identified four discrete genetic subtypes in GBMO: the first subtype with the combined gain of chromosome 7 and loss of chromosome 10 was called "astrocytic" subtype; the "oligodendroglial" subtype is characterized by 1p and 19q codeletions; the "intermediate" subtype shows a combination of the former subtypes, i.e. gain of chromosome 7 and telomeric 1p deletion; the fourth subtype, lacking any of the previous aberrations typical for gliomas, was referred to as "other" subtype. Thus, the GBMOs were genetically heterogeneous, while all "classic" GBM we investigated corresponded genetically to the "astrocytic" subtype and all oligodendroglioma to the "oligodendroglial" subtype. Similar genetic subtypes as we define here in GBMO were also described in mixed gliomas [21] . The histological differentiation between GBMO-Hs and GBMO-Rs is also supported by our data since the group with typical honeycomb appearance (GBMO-H) comprised tumors of the "oligodendroglial", "intermediate" and "other" subtypes, while all GBMO-Rs belonged to the "astrocytic" subtype like "classic" GBMs.
Further studies on mixed gliomas and oligodendrogliomas also showed that a stricter morphological classification increased the proportion of tumors with 1p/19q codeletions [21, 38] .
The most frequent aberrations found in 9 of 13 GBMOs were the gain of chromosome 7 (12/13) and the loss of chromosome 10 (9/13). He et al., in line with our results, showed that aberrations preferentially found in GBM (−10, EGFR amp, -9p) were also common in GBMOs [19] , while Kraus et al. did not find a loss of chromosome 10 in 13 GBMOs [20] .
The most common amplification spanned the 7p12 region containing the EGFR gene (5/12) and was found only in "astrocytic" GBMOs with loss of chromosome 10. Previous studies on GBM showed that EGFR amplifications occurred only in tumors characterized by the loss of genetic material on chromosome 10 [39, 40] , suggesting an association between these two genetic events.
One GBMO had a 1p/19q codeletion and was referred to as "oligodendroglial" GBMO, whereas one other GBMO-subtype "intermediate"-demonstrated an isolated deletion of the terminal region of the short arm of chromosome 1 in combination with a gain of chromosome 7. The separation between these two subtypes was done because the 1p/19q codeletion typically found in oligodendrogliomas results from an unbalanced translocation t (1;19) [41, 42] , but the isolated loss of 1p36 represents a characteristic finding in astrocytomas [43, 44] . We hypothesize that the "intermediate" subtype is a different route in the progression of astrocytomas with a gain of chromosome 7, which is an early change [27] . Here, the loss of a predicted tumor suppressor gene on 1p36 may lead to the development of grade IV GBMOs, in contrast to the "astrocytic" subtype with the subsequent deletion of one or more tumor suppressor genes on the long arm of chromosome 10.
The two GBMOs classified as "others" showed a gain of chromosome 9p. Recently, Korshunov et al. also reported a gain of chromosome 9p in 22% in GBMs of patients younger than 50 years of age and found it to be an independent prognostic factor for longer survival [45] . Our data support this observation, since the two patients with the GBMO subtype "other" experienced the longest survival. Furthermore, a gain on 10q23 was found in the "astrocytic" component of both "other" GBMOs, which is an unusual finding in gliomas and was not found in any of the other tumors investigated.
Loss of chromosomal material on 17p13 including the TP53 gene locus was found in four of 13 GBMO and two of 10 GBM. Interestingly, 17p13 deletions occurred in GBMO of the "astrocytic", "oligodendroglial" and "other" subtypes and in combination with both the 1p/19q deletion as well as the EGFR amplification. It has often been suggested, that deletions or mutations of TP53 are common in secondary GBM, while EGFR amplifications are judged as a typical change in primary GBM [46, 47] . A recent genome wide study on GBM now proved that TP53 mutations are also a common event in primary GBM [48] . Altogether, these data render the TP53 changes an independent step in glioma tumorigenesis. Walker et al. also found the 17p13 loss (i) in an oligodendroglioma with the 1p/19q codeletion and (ii) in all histological variants he investigated (oligodendrogliomas, astrocytomas and mixed gliomas) [22] .
Previous studies concerning the different impact of GBMO vs. GBM on prognosis revealed inconsistent results. While some studies found the presence of an oligodendroglial component in GBM to be associated with longer OS [23, 49, 50] , a recent study could not find any significant difference in survival between patients with GBMO and "classic" GBM [51] . In our study, patients with GBMO (GBMO-H and GBMO-R) had a longer median survival than patients with "classic" GBM and the presence of an oligodendroglial component of GBM was a significant independent predictor of longer OS in multivariate analyses with adjustments for age, gender and treatment (p=0.034).
A major task of this study was to verify if the different histological parts of GBMOs are based on separate genetic profiles. Previous studies of mixed gliomas have found identical genetic changes of certain genes or regions in the two different components, which supports the hypothesis of a monoclonal origin [22, [51] [52] [53] . Others found different genetic changes in some heterogeneous tumors and therefore discussed a biclonal origin in a proportion of mixed gliomas [53, 54] . However, these studies looked at defined genes or regions and therefore evaluated only a small proportion of the genome. Our study is the first one using a genome wide approach (CGH) to analyze the two different histological parts within the GBMOs. We found that the two different parts of the GBMOs were concordant for most aberrations, thus supporting the hypothesis of a monoclonal origin. Interestingly, the signature genetic changes that separate the four genetic subtypes (e. g. +7/-10, -1p/-19q, -1p36/+7, +9p) were always present in both tumor parts. One may speculate that the origin of the GBMOs occurred in a brain (tumor) (stem) cell, which grew into a cell clone characterized by the subtype specific aberrations. Since all GBMO showed additional aberrations in the different tumor components, the hypothesis of a subsequent process of differentiation and progression during clonal expansion of the original clone into two different parts with distinct morphological appearance seams intriguing. For example, the GBMO with -1p/-19q showed -1p/-19q in both parts, suggesting that this was the underlying aberration leading to this tumor with an oligodendroglial genetic make-up. The astrocytic part of this GBMO also showed the -1p/-19q and additional aberrations (−3p12-qter, -4q, -6q, -9p, -13, -18) including polyploidy, which are (except -3p12-qter) known to be associated with progression and/or poor prognosis in gliomas [16, 17, [55] [56] [57] [58] [59] . Because the histological evaluation revealed a GFAP positive area with distinct astrocytic features and necrosis the tumor was classified as GBMO. The patient only survived for 1 year, which argues for a grade IV tumor.
The investigated GBMOs demonstrated altogether common aberrations in a high number of cells in spite of the wide range of additional aberrations and even the differences in ploidy within the same tumor area on a single cell level. Thus, we provide strong evidence for a monoclonal origin of all GBMOs studied, even so they comprised phenotypically different astrocytic and oligodendroglial parts. Furthermore, a genetic sublcassification of GBMO may become possible, since we identified four subtypes with different genetic profiles. Prospective and detailed molecular cytogenetic studies of gliomas altogether and of mixed gliomas in particular should be performed large scale in order to contribute to the evaluation of the different genetic markers as possible biomarkers for a more profound subclassification, for the prognostication of treatment response as well as for the development of targeted therapies.
